as 1964 [1] , but it was not until 1974 that the Occupational Safety and Health Administration banned its use and manufacture in the United States [10] . This ban has made finding an alternative method crucial.
In 1974, Holland et al [8] reported on the synthesis of 3,3', 5,5 '-tetramethylbenzidine (TMB) and suggested its possible use in the detection of blood. In their study, TMB was characterized (by melting point, elemental analysis, and infrared, ultraviolet, and neutron mass radiography), and its carcinogenic activity was investigated. All tumors found in rats given TMB either were benign tumors at the sight of injection or were tumors normally accompanying aging in that strain of rats [9] . The next logical step in determining the forensic value of TMB would be to determine its sensitivity, specificity, and ease of use.
Procedure
All methods employed 3,3', 5,5 '-tetramethylbenzidine (TMB) obtained from Aldrich Chemical Co. Tests were conducted in duplicate and in parallel with benzidine for control and comparison.
To determine the sensitivities of TMB and benzidine, three solutions of each in concentrations of 0.05M, 0.10M, and 0.20M were prepared using reagent grade glacial acetic acid. The 0.20M TMB was a saturated solution and will be referred to as such. Freshly prepared 3% hydrogen peroxide was employed in the testing procedure.
Fresh blood with calcium ethylenediaminetetraacetic acid was used to prepare a serial dilution of test solutions in concentrations of 1 x 10 -1 , 1 x 10 -2 , 1 x 10 -3 , 1 x 10 -4 , 1 x 10 -5 , and 1 x 10 -6 parts blood in physiological saline. A 10-µ1 aliquot of each blood dilution was spotted on a separate piece of filter paper and air dried at room temperature. One drop of TMB was first added to the stained filter paper and observed for a color change. If no color change was observed, a drop or hydrogen peroxide (3%) was added to the stain and the reaction time was recorded. Benzidine was evaluated employing the same procedure. The results are given in Table 1 . The propensity of TMB to give a false positive reaction to substances known to interfere with the benzidine test for blood was determined in the following manner. Various vegetables were ground to a fine paste with a mortar and pestle, applied thickly to clean, white, cotton material, and allowed to dry for 24 h. These vegetable stains were tested with TMB and benzidine by three different methods. In the first, the stain was rubbed lightly with a moist cotton swab and then tested by the two-step procedure described previously. In the second method, the reagents were applied directly to a portion of the stained cloth in a well slide. In the third, a portion of cloth was eluted in physiological saline and the eluate was tested by the same method. If the reaction approximated 818 JOURNAL OF FORENSIC SCIENCES the intensity and alacrity of a blood stain reaction, then it was recorded as being positive. If, however, the reaction was slow and uncharacteristic in color, it is recorded as being questionably positive.
Chemical oxidants and catalysts were also tested with saturated TMB and 0.02M benzidine for specificity. The tests were carried out with zinc, nitric acid, potassium permanganate, and sodium hypochlorite. In each instance, a cotton swab was placed in contact with the chemical and then tested. The materials tested and the results are summarized in Tables 2 and 3 .
It is widely known that benzidine, in solution, becomes highly colored and loses some sensitivity with age. The effects of age, light, and heat on TMB were therefore studied. To determine the relative shelf life of the two reagents, six solutions were prepared as follows:
( 1) These solutions were checked for reactivity in the same manner as in the sensitivity testing, with the blood dilutions prepared in a like manner. The effects of storage on sensitivity are shown in Table 4 .
Results
As shown in Table 1 , both reagents at the 0.05M concentration will detect one part blood in 10 000 parts isotonic saline. Doubling the concentration of the reagent results in a tenfold increase in sensitivity for both TMB and benzidine. The lowest level of detection of blood by both chemicals was 1 ppm. The concentration of benzidine to obtain this sensitivity was 0.20M, and for TMB, a saturated solution (approximately 0.20M) was used. While the concentration of benzidine in glacial acetic acid can be increased to a saturated solution (0.75 to 1.0 M), an increase in sensitivity is not observed.
Results of specificity testing listed in Table 2 indicate that with the rubbing technique, TMB afforded questionable positive results (±) with only two vegetables for which the benzidine results were negative, namely, tomato and cucumber. In the remainder of the specificity testing, TMB results were either similar to those obtained with benzidine or were negative while the benzidine results were questionably positive (±). The color changes recorded (Table 3) for the reactions of TMB and benzidine with certain chemical oxidants and catalysts were obtained prior to the addition of the hydrogen peroxide. In all instances, benzidine and TMB reacted similarly.
It was found that TMB will give false positive reactions to certain types of paper after a prolonged time. Indeed, when the most critical laboratory techniques to avoid contamination by blood were used, positive tests were obtained 20 s or more after the addition of the hydrogen peroxide. The materials which afforded the false positives are typing paper, recycled paper, filter paper, and white construction paper.
As with benzidine, the values obtained (Table 4) for TMB on the different days of testing were the same regardless of the method of storage. Protection from light or temperature did not prevent a loss of sensitivity. From the initial sensitivity of 1 ppm blood for both reagents on the first day, the limits of detection are reduced by a factor of ten within one day. No attempt was made to test the sensitivity of the reagents during the first 24 h; however, it is assumed that the sensitivity was lost a The values obtained were the same regardless of whether the reagents were stored unprotected from light, protected from light, or protected from light and refrigerated. The units are parts blood in physiological saline.
gradually. The detection of 10 ppm blood remains constant for both reagents through the fifth day, and then decreases by another factor of ten by the eighth day.
Discussion
As one would expect from the structural similarities of benzidine and 3,3', 5,5'-tetramethylbenzidine (TMB), no significant differences were observed experimentally in the two compounds' sensitivities and specificities to blood. Also, enhancement of the stability in solution of TMB, as compared with benzidine, was not observed. However, a dramatic difference in solubilities of the two reagents in glacial acetic acid was noted. The concentration of a saturated solution for TMB approaches 0.2M, whereas for benzidine the concentration is approximately 0.7 to 1.0M.
While the false positive results with TMB on the papers gave us cause for concern initially, we now think that, in the hands of an experienced serologist, the reagent is as reliable as benzidine. The false positive reactions to papers, as well as the solubility differences, have also been observed by Blake. 3 Regardless of the equivalent sensitivity, specificity, and stability of the two reagents, cost will be major factor in the acceptance of noncarcinogenic TMB. It is reasonable that with the development of novel, inexpensive, synthetic pathways, 4 additional suppliers, 5, 6 and increased demand, the price will decrease sufficiently to allow TMB to
